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3,292,160 
SUPERCONDUCTIVE PERSISTENT 

CURRENT CIRCUITS 
Eugene C. Crittenden, Jr., Monterey, C-ali?, assignor, by 

mesne assignments, to The Bunker-Ramo Corporation, 
Stamford, Conn., a corporation of Delaware 

Filed June 5, 1957, Ser. No. 663,668 
11 Claims. (Cl. 340-1731) 

This invention relates to electrical circuits and more 
particularly to a new and improved electrical circuit in 
cluding superconductive components. 

In data processing systems and digital computers it is 
frequently necessary to store information in an accessible 
manner. Generally, electrical circuits for this purpose 
are adapted to function in distinctly separate modes of 
operation, usually two in number, so that the existence of 
a particular mode of operation in the circuit is indicative 
of a stored value. ' 

With systems and computers in which vast quantities of 
numerical information must be handled rapidly, the need 
has arisen for a compact information storage device hav 
ing a degree of reliability and a speed of operation not 
previously known. 

Accordingly, it is one object of the present invention to 
provide an improved electrical circuit for storing informa 
tion. 

It is another object of the present invention to provide 
a reliable information storage device which is capable of 
high speed operation. 

It is a further object of the present invention to pro 
vide an information storage device which is small in size 
and simple of construction. 

Brie?y, the electrical circuit of the invention comprises 
a circuit loop including two conductors constructed of 
superconductive materials. One of the conductors is ca 
pable of switching to a resistive condition when the current 
therethrough exceeds a critical value. The other of the 
conductors remains superconducting for currents in excess 
of the critical value of current at which the ?rst conductor 
is switched to a resistive condition. When both conduc 

‘ tors are superconducting, the circuit loop is capable of 
storing a persistent circulating current with the direction 
of the persistent current being indicative of stored informa 
tion. In a particular embodiment, the direction of per 
sistent current flow may be sensed by applying a current 
pulse to the circuit loop. When a sensing current pulse is 
additive with respect to the persistent current ?owing 
through the conductor having the lower critical current 
value, the conductor having the lower critical current value 
ceases being superconducting momentarily, the direction of 
persistent current ?ow reverses, and a voltage pulse ap 
pears in the circuit loop. On the other hand, where a sens 
ing current pulse is subtractive with respect to the persistent 
current ?owing through the conductor having the lower 
critical current value, the entire circuit loop remains super 
conducting, no voltage pulse appears, and the direction of 
persistent current ?ow is unaffected. 
A ‘better understanding of the invention may be had 

from a reading of the following detailed description and 
an inspection of the drawings, in which: 

FIG. 1 is a graph illustrating the variation in transition 
temperatures for various materials subjected to a magnetic 
?eld; 

FIG. 2 is a graph of the transition temperature of a 
particular material as a ‘function of a magnetic ?eld; 

FIG. 3 is a combined block and schematic circuit dia 
gram of the an electrical circuit of ‘the invention; 
FIG. 4 is a set of graphs illustrating current and volt 

age waves appearing in thecircuit of FIG. 3; 
FIG. 5 is a schematic circuit diagram of an electrical 

circuit including a bridge; 
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FIG. 6 is a schematic circuit diagram of an electrical 

circuit having an auxiliary coilj 
FIG. 7 is a set of graphs illustrating various current 

and voltage waves which may be applied to and derived 
from the circuit of FIG. 6; 

FIG. 8 is a schematic circuit diagram of an electrical 
circuit including a pair of auxiliary coils; 
FIG. 9 is a set of graphs illustrating various current 

and voltage waves which may be applied to and derived 
from the circuit of FIG. 8; 
FIG. 10 is a schematic circuit diagram of a matrix vfor 

use with a plurality of electrical circuits similar to the one 
shown in FIG. 8; 

FIG. 11 is a front view of an electrical circuit of the 
invention; ' 

FIG. 12 is a side view of the circuit of FIG. 11; 
FIG. 13 is a rear view of the circuit of FIG. 11; 
FIG. 14 is a front view of a printed type electrical cir 

cuit constructed in accordance with the invention; 
FIG. 15 is a rear view of the printed electrical circuit 

of FIG. 14; 
FIG. 16 is a plan view of an electrical circuit of the 

invention in the form of a simple circuit loop; and 
FIG. 17 is a diagrammatic view of apparatus for main 

taining the electrical circuits of the present invention at a 
selected temperature at which the components of the elec 
trical circuit are superconductive. 

At temperatures near absolute zero, some materials lose 
all measurable resistance to the flow of electrical current 
and become perfect conductors. The phenomenon is 
called superconductivity and the temperature at which 
the change occurs from a normally resistive state to the 
superconductive state is called the transition temperature. 
For example, the following materials have a transition 
temperature and become superconductive at the tempera 
tures listed: 

° Kelvin 

Mercury __________________________________ __ 4.15 

Niobium __________________________________ __ 8 

Lead _ ________ __ 7.2 

Vanadium ________________________________ __ 5.1 

Tantalum _________________________________ __ 4.4 

Tin ______________________________________ __ 3.7 

Indium ___________________________________ __ 3.3 

Aluminum ________________________________ __ 1.2 

Thallium _________________________________ __ 2.4 

Titanium _________________________________ __ 0.5 

Only a few of the materials exhibiting superconductivity 
are listed above. Other elements and many alloys and 
compounds become superconductive at temperatures rang 
ing between 0° and 17° Kelvin. A discussion of many 
such materials may be found a book entitled, “Supercon 
ductivity,” by D. Schoenberg, Cambridge University Press, 
Cambridge, England, 1952. 
The above listed transition temperatures apply only 

where the materials are in a substantially zero magnetic 
?eld. In the presence of a magnetic ?eld the transition 
temperature is decreased so that a given material may ‘be 
in an electrically resistive state even for temperatures be 
low the normal transition temperature at which the ma 
terial would be superconductive in the absence of a mag 
netic ?eld. 

In addition, the above listed transition temperatures 
apply only for values of electrical current flow which do 
not exceed a critical value. When a current ?ows through 
a material in excess of a critical value the transition tem 
perature is decreased so that the material is electrically 
resistive even though the temperature of the material is 
lower than the normal transition temperature at which 
the material would otherwise be superconductive. The 
action of a current in lowering the temperature at which 
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av transition occurs from normal electrical resistivity to 
superconductivity is similar to the lowering of the tran 
sition temperature by a magnetic ?eld for the reason that 
the current ?owing in the material generates a magnetic 
?eld having a strength which if externally ‘applied would 
lead to the same result in lowering the transistion tem 
perature. 

Accordingly, when a material is held at a temperature 
below its normal transition temperature for a zero mag 
netic ?eld, the superconductive condition of the material 
may be extinguished by application of a magnetic ?eld 
which may originate in an external source or may be 
internally generated through the ?ow of current in the 
material. 
FIG. 1 illustrates the variation in transition tempera 

tures (T0) for several materials as a function of an ap 
plied magnetic ?eld. In the absence of a magnetic ?eld 
the point at which each of the several curves intersects 
the abscissa is the transition‘temperature at which the 
material becomes superconductive given in degrees Kel 
vin. For values of temperature and magnetic ?eld fall 
ing beneath each of the several curves, the particular 
material is superconductive while for values of tempera 
ture and magnetic ?eld falling above the curve the ma 
terial possesses electrical resistance. 
The effect of varying the magnetic ?eld applied to a 

particular material while maintaining the material at a 
constant temperature lower than the transition tempera 
ture is illustrated in FIG. 2 where the dashed line T1 
represents a constant temperature line. For a magnetic 
?eld greater than the value of the point of intersection 
between the line T1 and the curve, the particular material 
is electrically resistive. However, for a magnetic ?eld 
having a value less than the point of intersection between 
the line T1 and the curve the material is superconductive. 

Since a current ?owing in the material has an effect 
upon the transition temperature similar to a magnetic 
?eld, FIG. 2 also represents the effect of varying the cur 
rent ?owing through the material. At a given tempera 
ture below the transition temperature, for currents in 
excess of a critical current (1‘), the material is normally 
resistive, and for currents less than the critical current 
value, the material is superconductive. 

FIG. 3 illustrates an electrical circuit which is adapted 
to operate in accordance with the foregoing principles. 
The circuit of FIG. 3 includes a ?rst conductor in the 
form of an inductance 1 which is constructed of a ma 
terial having a given transition temperature (T0) at which 
the material becomes superconductive. 
A second conductor in the form of a resistance element 

2 is connected in a circuit loop with the inductance 1. 
The resistance element 2 is constructed of a material hav 
ing a critical current value (Ic) at which the material 
switches from a superconductive state to a resistive state 
lower than the critical current value at which the induct 
ance 1 switches from a superconductive state to a resistive 
state. 

In operation, the electrical circuit of FIG. 3 is held at 
a temperature below the transition temperatures for zero 
magnetic ?eld of both the resistance element 2 and the 
inductance 1. Since the material for the resistance ele 
ment 2 is selected to have a critical current value (In) 
lower than the critical current value of the material of the 
inductance 1, the entire circuit loop is superconductive 
for current ?ow less than the critical current of the re 
sistance element 2. Accordingly, no electrical resistance 
is presented to current flow and once a current is estab 
lished, the current ?ows inde?nitely. Thus, a persistent 
circulating current may be established in the circuit loop 
which will continue so long as the inductance 1 and the 
resistance element 2 remain superconducting. However, 
since the resistance element 2 has a critical current value 
lower than that of the inductance 1, the resistance ele 
ment 2 is subject to being made electrically resistive by a 
current ?owing around the loop without affecting the 
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4 
superconducting state of the inductance 1 where the value 
of the current is in excess of the critical current value of 
the resistance element 2 and is lower than the critical 
current value of the inductance 1. 

In the arrangement of FIG. 3 a current pulse (In) for 
initiating a persistent circulating current is derived from 
a source of electrical current pulses 3. The output cir 
cuit of the source of electrical current pulses 3 is con 
nected to a primary winding 4 of a transformer 5. A 
secondary winding 6 of the transformer 5 is center tapped, 
and a single-pole double-throw switch 7 is connected 
across the secondary winding 6 so that either positive or 
negative current pulses may be derived from the source 
of electrical current pulses 3. The pulses appearing be 
tween the movable element of the single-pole double 
throw switch 7 and the center tap of the secondary wind 
ing 6 are applied to the circuit loop of the inductance 1 
and the resistance element 2 via a pair of terminals 8 
and 9. . 

FIG. 4 is a set of graphs illustrating the relationship be 
tween various current and voltage waves appearing in the 
circuit of FIG. 3. Referring to FIG. 4(a), an initial cur 
rent pulse 10 (ID) of approximately twice the critical cur 
rent (I0) of the resistance element 2 is supplied by the 
source of electrical current pulses 3. When the pulse 10 
is ?rst applied to the circuit, the current divides between 
the inductance 1 and the resistance element 2 in the ratio 
of their inductances. That is, in the transient period im 
mediately after the application of the pulse to the ter 
minals 8 and 9, the amount of current ?owing through 
the inductance 1 or the resistance element 2 is inversely 
proportional to the value of the inductance 1 or the re 
sistance element 2. This means that at ?rst practically 
all the current passes through the resistance element 2 
since the resistance element 2 has a minimum amount of 
inductance. Thus, in FIG. 4(c) a momentary surge of 
current 11 passes through the resistance element 2. Since 
the surge of current 11 is in excess of the critical current 
(Is) for the resistance element 2, the resistance element 2 
ceases being superconducting and presents an electrical 
resistance to the ?ow of the current with a voltage drop 
being developed across the resistance element 2 in a con 
ventional fashion. Accordingly, in FIG. 4(d) the voltage 
(VR) appearing across the resistance element 2 is shown 
with a voltage pulse 12 corresponding to the surge of cur 
rent through the resistance element 2. , 
The appearance of the voltage across the resistance ele 

ment 2 causes the amount of current ?owing through the 
inductance 1 to increase and the amount of current ?owing 
through the resistance element to decrease until the cur 
rent ?owing through the resistance element 2 drops to a 
value equal to the critical current (lo) and the resistance 
element 2 becomes superconductive so that no voltage ap 
pears across the resistance element 2. Where the ampli 
tude of the current pulse 10 is approximately two times 
the critical current value of the resistance element 2, the 
current divides between the inductance 1 and the resistance 
element 2 as shown in FIGS. 4(b) and 4(c). When the 
current pulse 10 drops to zero, the current through the 
inductance 1 continues due to the action of the inductance 
1 in resisting any change in the current ?ow. However, 
since the resistance element 2 has substantially no in 
ductance and is superconductive, the current flow through 
the resistance element 2 reverses and becomes essentially 
—I,,; Since both the inductance 1 and the resistance ele 
ment 2 are superconducting for values of current ?ow less 
than the critical current (In) the current ?ows from the 
inductance 1 around the circuit loop through the resistance 
element 2 and back through the inductance 1 as a persistent 
current which continues to circulate inde?nitely so long as 
the inductance 1 and the resistance element 2 are supercon 
ducting. By applying either a positive or negative current 
pulse via the switch 7, a circulating persistent current 
around the circuit loop may be induced in either direction. 
Thus, the circuit has two distinct modesof operation cor 
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responding to the direction of persistent current ?ow which 
may be selected in accordance with information to be 
stored. 

In order to sense the direction of persistent current ?ow 
and to read out the information previously stored in a 
circuit of the type illustrated in FIG. 3, a current pulse 
of approximately two times the critical current value (16) 
of the resistance element 2 may be applied to the circuit 
from the source of electrical current pulses 3. 

In FIG. 4(a) a negative going pulse 13 is additive with 
respect to a persistent circulating current ?owing through 
the resistance element 2. The sum of the currents in the 
resistance element 2 produces a surge of current 14 in ex 
cess of the critical current value of the resistance element 
2 which causes the resistance element 2 to become elec 
trically resistive with a voltage pulse 15 appearing across 
the resistance element 2. The voltage pulse 15 reverses 
the current ?ow through the inductance 1 as shown in 
FIG. 4( b), and when the current pulse '13 disappears the 
inductance 1 causes a current to continue ?owing around 
the circuit loop as a persistent circulating current in a 
direction opposite to the direction of persistent current be 
fore the appearance of the pulse 13. A voltage sensitive 
output circuit 16 connected across the terminals 8 and 9 
senses the appearance of the voltage pulse 15. In con 
trast, where a current pulse is applied to the circuit loop 
which is subtractive with respect to the persistent circulat 
ing current ?owing through the resistance element 2, such 
as the negative going pulse 17 shown in FIG. 4(a), the 
current ?owing through the resistance element 2 is mo 
mentarily decreased as shown in FIG. 4(a), with the re 
sistance element 2 remaining superconducting, and no 
voltage pulse appears at the terminals 8 and 9. 

Thus, by applying a current pulse to the circuit loop 
the direction of persistent current ?ow may be ascertained 
from the appearance of the voltage pulse across the re 
sistance element 2 in the case where the applied pulse is 
additive with respect to the persistent current ?owing in 
the resistance element 2 and the lack of an appearance 
of a voltage pulse across the resistance element 2 when 
the applied pulse is subtractive with respect to the persistent 
current ?owing through the resistance element 2. 
From the above it is apparent that the circuit of FIG. 3 

is capable of two distinct modes of operation in which a 
persistent current flows in a selected direction for an in 
de?nite period to represent information, and the direction 
of persistent current flow may be sensed to read out and 
recover the information. 

FIG. 5 illustrates an alternative embodiment of the cir 
cuit of the invention in which four resistance elements 18, 
19, 20 and 21 in the form of a bridge are connected across 
an inductance 22. As in FIG. 3, the inductance 22 may be 
constructed of a superconductive material having a given 
critical current value. The resistance elements 18-21 
may be constructed of a superconductive material having 
a critical current value such that a current passing through 
the bridge in excess of a given amount is capable of ren 
dering the resistance elements electrically resistive with 
out exceeding the critical current value of the induc 
tance 22. 
The circuit of FIG. 5 may be initially energized to cause 

a persistent current to ?ow by applying a current pulse 
to the terminals 23 and 24 from a source of electrical cur 
rent pulses as illustrated in FIG. 3. The bridge of the 
resistance elements 18—21 acts in substantially the same 
fashion as a single resistance element in a circuit loop with 
the inductance 22. However, the inclusion of the bridge 
of the resistance elements 18-21 leads to a difference in 
operation with respect to sensing the direction of persistent 
current ?ow. 
By applying a sensing current pulse to the opposite 

corners of the resistance bridge via the terminals 25 and 
26, a voltage pulse appears at the terminals 23 and 24 
whenever a persistent current is ?owing in the circuit in 
either direction. The polarity of the voltage pulse appear 
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6 
ing at the terminals 23 and 24 corresponds to the direc 
tion of persistent current ?ow. However, if no persist~ 
ent current is ?owing in the circuit loop the application 
of a sensing current pulse to the terminals 25 and 26 
does not cause a voltage pulse to appear at the terminals 
23 and 24. Accordingly, the circuit of FIG. 5 has three 
modes of operation, namely, no persistent current ?owing, 
a persistent current ?owing in one direction, and a per 
sistent current ?owing in the opposite direction. In ad 
dition, whenever a sensing pulse is applied to the terminals 
25 and 26, the current ?owing through the inductance 22 
is brought to Zero so that the circuit of FIG. 5 is always 
reset to its condition in which no persistent current ?ows 
after a sensing pulse is applied to the terminals 25 and 26. 
FIG. 6 shows an embodiment of the invention in which 

an auxiliary coil 27 is coupled to an inductance 28 which 
forms a part of a superconductive circuit loop with a re 
sistance element 29. By applying a current pulse to the 
auxiliary coil 27 via the terminals 30 a current pulse is 
induced in the inductance 28 which may be used to initiate 
a persistent current around the loop formed by the induct 
ance 28' and resistance element 29‘. 
FIG. 7 is a set of graphs illustrating the current and 

voltage waves in the circuit of FIG. 6 when the auxiliary 
coil 27 is employed to induce pulses in the inductance 28. 
FIG. 7(a) shows a positive going pulse 32 (I,,,) which may 
be applied to the auxiliary coil 27 via the terminals 30. 
As a result, the current through the inductance 28 (1;) 
takes a momentary surge 33 in excess of the critical cur 
rent (Io) of the resistance element 29 (FIG. 7(b)) with 
the result that a voltage pulse 34 appears across the re 
sistance element 29 and the terminals 31 (FIG. 7(c)). 
When the pulse 32 disappears a persistent current ?ows 
around the circuit loop through the inductance 28 and 
the resistance element 29 as shown in FIG. 7(b). Since 
the current ?ow through the resistance element 29 in the 
circuit of FIG. 6 is equal and opposite to the current 
?ow through the inductance, no separate graph of IR is . 
given. 
When a sensing pulse 35 (FIG. 7(a)) is applied to the 

circuit of FIG. 6 which is additive with respect to a 
persistent current ?owing through the resistance element 
29, a current surge 36 (FIG. 7(b)) passes through the 
inductance 28 and the resistance element 29 in excess of 
the critical current of the resistance element 29 and a volt 
age pulse 37 (FIG. 7(c)) appears at the terminals 31. 
On the other hand, when a sensing pulse such as the pulse 
38 of FIG. 7(a) is applied to the circuit which is sub- - 
tractive with respect to the persistent current ?ow through 
the resistance element 29, the current ?owing in the cir 
cuit is momentarily decreased as shown in FIG. 7(b) and 
no voltage pulse appears at the terminals 31. 

In an alternative arrangement, the current pulses may 
be applied to the terminals 31 with the direction of‘ per 
sistent current ?ow being sensed at the terminals 30. 
That is, when the interrogating pulse applied to the ter 
minals 31 reverses the direction of current ?ow around 
the circuit loop of the inductance 28 and resistance ele 
ment 29, a voltage pulse is induced in the auxiliary coil 
27 and appears at the terminals 30. On the other hand, 
when no current reversal takes place around the circuit 
loop no voltage pulse appears at the terminals 30. 

In FIG. 8 there is shown another alternative embodi 
ment of the invention in which a pair of auxiliary coils 
39 and 40 are coupled to an inductance 41 connected in 
a superconductive circuit loop with a resistance element 
42. The auxiliary coils 39 and 40 may be arranged so 
that a coincidence between current pulses applied to the 
terminals 43 and the terminals 44 is required to induce 
a current pulse in the circuit loop of a value in excess 
of the critical current value of the resistance element 42. 
Thus, a current pulse applied to only one set of the ter 
minals 43 or 44 is insuf?cient to set up a persistent cur 
rent ?ow or to sense the presence of an already existing 
current ?ow. However, by applying current pulses of 
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like polarity to each of the auxiliary coils 39 and 40 via 
the terminals 43 and 44 a current pulse appears in the 
circuit having a value in excess of the critical current 
value of the resistance element 42 which is capable of 
either initiating a persistent current ?ow or sensing the 
presence of a persistent current with a voltage pulse ap 
pearing at the terminals 45 when the induced current pulse 
is additive with respect to the persistent current ?owing 
through the resistance element 42. 
FIG. 9 illustrates various current and voltage wave 

forms which may be applied to ‘and derived from the 
circuit of FIG. 8. To initiate persistent current flow, 
a current pulse 46 (1M1) of FIG. 9(a) may be applied 
to the terminals 43, and a current pulse 47 (1M2) of the 
same polarity as the current pulse‘ 46 of FIG. 9(b) may 
be applied to the terminals 44. FIG. 9(a) shows a 
resulting current surge 48 in excess of the critical cur 
rent of the resistance element 42 (Ic) though the induct 
ance 41, and FIG. 9(d) shows a voltage pulse 49 ap 
pearing across the resistance element 42. To sense the 
direction of persistent current ?ow, the current pulses 50 
and 51 of like polarity shown in FIGS. 9(a) and 9(b) 
may be applied to the terminals 43 and 44. Where the 
induced current pulse is additive with respect to the per 
sistent current ?ow through the ressitance element 42, a 
surge of current 52 in excess of the critical current value 
(FIG. 9(a)) appears in the circuit, and a voltage pulse 
53 (FIG. 9_(d)) appears at the terminals 45. On the 
other hand, where the current pulses 54 and 55 (FIG. 
9(a) and 9(b)) are additive with respect to each other 
and are subtractive with respect to the persistent current 
?owing through the resistance element 42, no voltage pulse 
appears at the terminals 45. 
The set of pulses 56~59 (FIGS. 9(a—d)) illustrate 

the condition where the applied current pulses 56 and 57 
are additive with respect to a persistent current ?owing 
through the resistance element 42 with a surge of current 

. 58 appearing in the circiut loop and a voltage pulse 
59 appearing at the terminals 45. However, where a cur 
rent pulse is applied to only one of the auxiliary coils 
39 and 40, such as the current pulse 60 or the pulse 61 
of FIG. 9(a), the mode of operation of the circuit is un 
affected since the current pulse induced in the circuit loop 
is not su?iciently large to raise the current ?ow in the 
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circuit above the critical current value of the resistance - 
element 42 no matter which way the persistent current is 
?owing. 1 

The action of the circuit of FIG. 8 in requiring a co 
incidence of a pair of current pulses in order to effect the 
operation'of the circuit and to generate an output voltage 
pulse may be used to advantage in memory systems in 
which a large number of separate information storage cir 
cuits are connected in the form of a matrix. 
FIG. 10 is a schematic circuit diagram of a matrix type 

memory system for use with a plurality of circuits similar 
to that shown in FIG. 8. The circuit of FIG. 10 includes 
a series of vertical crossbar connections 62 and a series 
of horizontal crossbar connections 63 in a lattice array 
or matrix. At each intersection of a horizontal crossbar 
and a vertical crossbar may be located an information 
storage circuit similar to that shown in FIG, 8. Like 
auxiliary coils, such as the coil 39 of FIG. 8, are connected 
serially in each of the horizontal crossbars 63 to form 
rows. In a similar fashion, like auxiliary coils, such as 
the coil 40 of FIG. 8, are connected serially in each of 
the vertical crossbars 62 to form columns. By applying 
a current pulse to a selected one of the horizontal cross 
bars and a current pulse to a selected one of the vertical 
crossbars, any one of the information storage circuits of 
the matrix may be energized to store information by in 
ducing a persistent current in the selected circuit. In 
like fashion, the persistent current ?ow in any one of the 
circuits in the matrix may be sensed by applying a current 
pulse to the proper crossbars. The voltage pulse output 
terminals, such as the terminals 45 of FIG. 8, may all be 
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8 
connected serially, as for example, in a diagonal connec_ 
tion 64 which terminates at a pair of output terminals 65. 
whenever current pulses are applied to a selected vertical 
crossbar 62 and a selected horizontal crossbar 63 to sense 
thedirection of persistent current ?ow in a particular in- ‘ 
formation storage circuit mounted at a junction of the 
energized crossbars 62 and 63, and the pulses applied to 
the crossbars are additive with respect to each other and 
additive with respect to the persistent current ?owing 
through the resistance element of the selected circuit, a 
voltage pulse appears at the terminals 65. By enlarging 
the matrix of FIG. 10 any desired amount of information 
may be stored and recovered. , 
One arrangement of the inductance and resistance ele~ 

ment of a circuit in accordance with the invention is 
shown in FIGS. ll~l3. The circuit of FIG. 11 includes 
an insulating carrier 66 on one side of which is supported 
a layer of a suitable material which forms a resistance 
element 67, as for example, an evaporated metal ?lm. 
For convenience, the material of the resistance element 
67 is extended to form the end portions 68 and 69 which 
contact the terminal screws 70, 71, 72 and 73. The in 
ductance ‘of the circuit of FIGS. 11—13 comprises several 
turns of a Wire 76. A pair of strips 74 and 75 of the 
material of the wire 76 may be fastened beneath the nuts 
on the terminal screws 70-73 to insure a superconductive 
connection between the inductance wire 76 and the end 
portions 68 and 69. 
Although any materials having the capacity of being 

rendered superconducting and having the correct relation 
ship of critical current values may be used for the resist 
ance element 67 and the inductance as described above, 
one suitable material for the inductance wire 76 is lead. 
Where lead is selected for the inductance wire, examples 
of suitable materials for the resistance element are tanta 
lum, tin, or alloys thereof. 
FIGS. 14 and 15 show an alternative arrangement of 

the‘ circuit of the invention constructed by printed circuit 
techniques in which one layer 77A of an inductance and 
a resistance element 79 are supported on one side of an 
insulating carrier 78 (FIG. 14), and another layer 77B 
of the inductance is supported on the other side of the 
carrier 78 (FIG. 15). The inductance layers 77A and 
77B are connected together at their centers to form a con 
tinuous inductance. The layer 77A terminates at one end 
of the resistance element 79 at a terminal 80A (FIG. 14) 
while the other layer 77B is connected to the other end 
of the resistance element 79 through the carrier 78 at a 
terminal-80B (FIG. 15) to form a circuit loop. 
Although the circuit has previously been described as 

a pure resistance and a pure inductance, the presence of 
inductance in the resistance element does not cause trouble, 
and the inductance does not have to be large. Therefore, 
the inductance may be provided by a distributed induct 
ance in any part of the circuit loop. For example, in 
FIG. 16, a circuit loop is shown which includes a ?rst con 
ductor 91 which may be constructed of a superconductive 
material having a given critical current value (IO). By 
including a second conductor 92 in the circuit loop of a 
superconductive material having a critical current value 
(I0) lower than the critical current value of the ?rst con 
ductor, the second conductor may be switched from a 
superconductive condition to a resistive condition in a 
manner similar to that described above by applying pulses 
to the terminals 93 with a persistent circulating current 
being sustained around the circuit loop. Accordingly, 
conventional schematic circuit diagram symbols for the 
inductances and resistance elements of the illustrative 
embodiments of FIGS. 3, 5, 6 and 8 have been used for 
convenience and for purposes of explanation and do not 
necessarily indicate the presence of conventional circuit 
components. 
FIG. 17 is a diagrammatic illustration of an arrange 

ment for maintaining the circuits of the present invention 
at a suitable low temperature near absolute zero. In 
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FIG. 17 there is shown an exterior insulated container 
81 which is adapted to hold a coolant such as liquid nitro 
gen. Within the container 81 an inner insulated con 
tainer 82 is suspended for holding a coolant, such as liquid 
helium which maintains the circuits of the invention at 
the proper operating temperature. Where the inductance 
is constructed of lead and the resistance element is con 
structed of tantalum, a suitable operating temperature is 
4.2° Kelvin which is the boiling point of helium. The 
top of the container 82 may be sealed by a sleeve 83 and 
lid 84 through which a conduit 85 connects the inner 
chamber with a vacuum pump 86 and a pressure regula 
tion valve 87. The pump 86 functions to lower the at 
mospheric pressure within the chamber so as to control 
the temperature of the helium. The pressure regulation 
valve 87 functions to regulate the pressure within the 
chamber so that the temperature is held constant. One 
or more information storage circuits 88 of the invention 
may be suspended in the liquid helium at the proper op 
erating temperature at which the circuit components are 
superconductive. Connection to the circiuts 88 is vmade 
by two separate pairs of lead-in wires 89 which also may 
be constructed of a superconductive material within the 
cooled region to minimize resistance. The lead-in wires 
89 extend through the lid 84 to the terminals 90. One 
pair of the lead-in Wires may be used to apply energizing 
pulses to the circuit while the other pair may be used to 
derive voltage pulses from the circuit. 

In opera-tion it has been found that the circuits of the 
invention possess a ‘relatively fast switching time of less 
than 0.5 microseconds. That is, the devices are capable 
of being switched from one mode of operation to the 
other very rapidly and are adapted to receive and read out 
stored information very quickly. 
The relatively short time required for a complete re 

versing current pulse comes about because the delay time 
t1, for cessation of superconductivity when the current 
in the resistance element exceeds the critical current (110) 
is short. The delay time, t2, for ‘return of superconductiv 
ity when the current falls below the critical current (10) 
is also short. These delay times are many times shorter 
than the delay times that are observed when a super~ 
conductor is placed in a uniform externally applied mag 
netic ?eld. It is believed that the delay times are deter 
mined by the velocity of motion of a boundary surface 
that exists between superconducting and normal regions 
in a superconductor and on the vgeometrical shapes that 
such boundary surfaces take on. In the case of t1, the 
delay time for cessation for superconductivity, the paths 
of current flow, as cessation is approached, follow the 
remaining superconducting threads and yield high local 
magnetic ?elds. The material then breaks into islands 
of superconducting material separated by normal mate 
rial. This condition has been called the “intermediate 
state” of a superconductor for many years. On return 
to superconducting behavior “seeds” of superconducting 
regions are needed. These are present and are scattered 
through the material in large numbers when the transi 
tion has been caused by current ?ow in the specimen 
itself. The presence of these “seeds” greatly reduces the 
delay time t2 for return of superconductivity. For the 
situation in which cessation of superconductivity has been 
caused by an externally applied magnetic ?eld said “seeds” 
are usually not present, or at least are few in number, 
and the delay time t2 is usually ‘large. Similarly, when 
a magnetic ?eld is applied externally the delay time t1 
for the cessation of superconductivity is long because the 
magnetic ?eld is relatively uniform and the velocity of 
motion of the boundary surfaces between superconducting 
and normal material is low. 

In order to increase the density of the magnetic ?eld 
generated by currents flowing with-in the conductors, and 
hence reduce the switching time, the conductors may be 
made in other than a cylindrical cross section. For ex 
ample, in the evaporated layer circuit arrangement of 
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10 
FIGS. 11, 12, and 13 the resistance element comprises a 
relatively thin strip having a relatively small cross sec 
tional area. This thin strip construction gives rise to an 
intensi?cation of the magnetic ?eld produced by a ‘given 
current ?ow through it, which in turn lowers the critical 
current value; this decreases the switching time. Thus, 
if a given value of current is applied to two supercon 
ductive conductors constructed of the same material (e.g., 
of lead), and one conductor has a cylindrical cross sec 
tion and the other conductor has a smaller cross section 
in the form of a thin strip, the thin strip conductor will 
become resistive before‘ the cylindrical conductor (the 
minimum cross section of the thin strip conductor being 
less than that of the cylindrical conductor). Current 
values may be selected such that the magnetic ?ux density 
in the larger cross section cylindrical conductor will be 
insu?icient to render it resistive, and yet be su?icient to 
give rise to a higher magnetic ?ux density in the smaller 
cross section thin strip conductor so as to render the 
latter resistive. Thus, the resistance element 29 of FIG. 6 
may be made of the same material as that of the induct 
ance 28, but with the resistance element having a smaller 
cross section than that of the inductance. 
The velocity of motion of the boundary surface between 

superconducting and normal regions can be increased and 
thus the delay times reduced by alloying the material 
with small concentrations of other chemical elements. A 
negative surface tension vfor the boundary can be achieved 
by this means resulting in high surface velocity. At the 
same time, the resistivity of the normal state is increased, 
reducing the eddy currents associated with boundary sur 
face motions and thus speeding the motion. Addition of 
alloying elements also increases the resistance of the 
material when in the nonsuperconducting condition, per 
mitting larger voltage signals for a given cross section 
of the resistance element. 

Suitable alloying elements, rfor example, in the case of 
tin are antimony and indium. Both of these elements 
form solid solutions with tin so that the antimony or 
indium atoms are randomly scattered through the tin 
crystals, with the antimony or indium atoms substituting 
for tin atoms in the crystal lattice. Both antimony and 
indium differ by unity in valence from tin so that they 
scatter the electron waves in the tin by coulomb scattering. 
Hence they contribute a large electrical resistivity per atom 
percent addition. 

Although the following values are given by way of 
example only, it has been found that the value of the 
inductance 1 ‘may be of the order of 1 micnohenry and 
the value of the resistance element in a resistive condi 
tion may be of the ‘order of .5 ohm. Workable embodi 
ments have been constructed in which the physical dimen 
sions of a strip of tin for the resistance element were as 
follows: 

Centimeter 
Thickness ______________ __ 3.4><10-5 and 10.2><1()'_5 
Width _____________________________ __ 0.27 to 0.18 

Length ___________________________________ __ .635 

The value of the inductance should be large enough that 
the time constant for decay of circulating current L/R 
when the resistance element is not superconducting, is 
about as llarge as or larger than the delay times required 
for the resistance element to change from resistive to 
superconducting and vice versa. For a given delay time, 
the value of the inductance then depends on the value 
of the resistance'element and thus a smaller resistance 
will permit a smaller inductance and a consequent smaller 
space required for the inductance. The value of the 
resistance element should be ‘large enough to .generate 
a suitable voltage pulse but should not be so large as 
to generate substantial amounts of heat or require sub 
stantial amounts of power to switch the device from one 
mode of operation to the other. 
Although the circuits of the invention may be switched 

from one mode of operation to another mode of opera 



3,292,160 
1 1 

tion through the application of pulses as described above, 
an alternative method for switching is to vary the tem 
perature at which the device is sustained so as to render 
one portion of the circuit electrically resistive without 
affecting the superconductive condition of ‘another portion 
of the circuit. In the apparatus of FIG. 17, ‘a variation 
in temperature may be achieved through the operation 
oat the pressure regulation valve 87. Since an electrical 
circuit of the invention may be constructed of two super 
conductive materials having separate and distinct transi 
tion temperatures (Tc), the portion of the circuit having 
a lower transition temperature may be switched from a 
superconducting to an electrically resistive condition with 
out atfecting the superconducting condition of the re 
mainder of the circuit. 
By means of the invention, an information storage 

circuit is provide-d having a relatively fast switching time 
and a relatively small size. Accordingly, ‘a large number 
of the circuits may be grouped together in a digital com 
puter or data processing system to provide a small volume 
high capacity memory system. So long as the circuits 
of the invention are maintained at the proper tempera 
ture, information may be stored inde?nitely without re 
quiring any regeneration of the information or electrical 
power. In addition, due to the simplicity of construc 
tion of the circuits a high degree of reliability in opera 
tion may be achieved. 

In labeling the apparatus described herein an electrical 
circuit or an information storage circuit, it is intended 
that the words be given a broad meaning to cover any 
variety of circuit in which -a persistent current is adapted 
to circulate around a circuit loop in accordance with 
the invention. Accordingly, use of the invention as a 
memory device, as a switching circuit, as an ampli?er, 
as a control circuit, or for any other purpose should 
‘be considered within the scope of the invention as de 
?ned in the claims. 
When a large number of the superconductive electrical 

circuits of the invention are grouped together in a relative 
ly small space, as for example in a digital computer, 
a data processing system or a memory system, interaction 
or crosstalk between the circuits may be avoided by 
shielding each of the circuits with superconductive ma~ 
terial. A property of superconductive materials is that 
the materials are near perfect barriers to the passage of 
a magnetic ?eld While superconducting. Accordingly, 
the electrical circuits of the invention may be effective 
ly isolated from each other by a shield of a supercon 
ductive material. For example, Where printed circuits 
such as that illustrated in FIGS. 14 and 15 are mounted 
adjacent one another in a series of layers, sheets of a 
material which is superconducting at the temperature 
of operation may ‘be interleaved with the insulating 
carriers bearing the printed circuit components. In a 
case where the printed circuit components are arranged 
on one side of the carrier only, a layer of superconductive 
material deposited on the other side of the carrier may 
be used as a shield between adjacent circuits. 
Although the condition of a material while supercon 

ducting has been described herein as being a condition 
of zero resistance, it will be appreciated that a small 
amount of resistance may be present in the superconduct 
ing condition of a material which does not necessarily 
affect the operation of the circuit. The words “zero 
resistance” in the above description and in the follow 
ing claims have been used to describe a condition of con— 
ductivity suf?cient to allow the circuits of the invention 
to function substantially as described. Accordingly, the 
invention should not be limited by the use of the words 
“zero resistance,” or any other particular words, which 
have been used to explain the theory of operation. 
What is claimed is: ' 

1. An electrical circuit including the combination of a 
superconductive inductance constructed of ‘a material 
having zero electrical resistance at a predetermined tem~ 
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perature for electrical current ?ow less than a ?rst criti 
cal current value, a superconductive resistance element 
having zero electrical resistance at said predetermined 
temperature for electrical current ?ow less than a second 
critical current value, said second critical current value 
being lower than said ?rst critical current value, said in 
ductance and said resistance element being connected in 
a circuit loop which is capable of sustaining a persistent 
circulating current in a selected direction so long as both 
the inductance and the resistance element are supercon 
ducting, means for establishing a persistent circulating 
current within said loop having a value less than said sec 
ond critical current value, said resistance element being 
capable of becoming electrically resistive in response to 
current ?ow therethrough in excess of the second critical 
current value while the inductance remains in a super 
conductive condition, and means for selectively causing 
current to flow through said resistance element in excess 
of the second critical current value for generating a volt 
age to reverse the direction of current flow around the 
circuit loop. 

2. An electrical circuit in accordance with claim 1 in 
which the resistance element comprises a thin strip of a 
superconductive material within which a magnetic ?eld 
produced by the flow of current through the material is 
concentrated to provide a fast transition from a super 
conductive condition to a resistive condition and within 
which islands of superconducting material remain when 
the resistance element is in a resistive condition to pro 
vide a fast transition from a resistive condition to a super 
conductive condition. 

3. An electrical circuit including the combination of 
a ?rst superconductive conductor, a second superconduc 
tive conductor connected in ‘a circuit loop with the ?rst 
conductor, means establishing a persistent circulating 
current around said circuit loop, said conductors being 
adapted to sustain said persistent circulating current 
around the circuit loop so long as both of the conductors 
are superconducting, and means coupled to said circuit 
loop for rendering one of said conductors electrically ‘re 
sistive only for .a selected magnitude and direction of 
said established persistent circulating current while the 
other of said conductors remains in a superconductive 
condition, said conductor which is rendered electrically 
resistive comprising a piece of material having a cross 
sectio-nal con?guration which concentrates the magnetic 
?eld generated within the material by electrical current 
?ow therethrough and which is adapted to sustain islands 
of superconducting material When in a resistive condition 
to provide a fast transition from a resistive condition to 
a superconductive condition. 

4. An electrical circuit including the combination of 
a ?rst superconductive conductor constructed of a ma 
terial having a ?rst predetermined critical current value, 
a second superconductive conductor constructed of a 
material having a second predetermined critical current 
value, said second critical current value being lower than 
said ?rst critical current value, said ?rst and said second 
conductors being connected in a circuit loop which is 
capable of sustaining a persistent circulating current in 
a selected direction so long as both of the conductors 
are superconducting, said second conductor being capa 
ble of becoming electrically resistive in response to cur 
rent ?ow therethrough in excess of the second predeter 
mined critical current value while the ?rst conductor 
remains in a superconductive condition, means for apply-v 
ing a current pulse to the circuit loop to initiate a per 
sistent circulating current in a selected direction, said 
last named means also being adapted to apply a sensing 
current pulse to the circuit loop which renders the second 
conductor electrically resistive when the sensing current 
pulse is additive with respect to the persistent current 
?owing through the second conductor, and a voltage 
sensitive output circuit coupled to the circuit loop for 
Sensing the appearance of a voltage in the circuit loop 
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when the second conductor is rendered electrically re 
sistive. 

5. An electrical circuit in accordance with claim 4 in 
which said means for applying a sensing current pulse 
comprises a source of current pulses having a magnitude 
of twice said second critical current value whereby the 
second conductor becomes electrically resistive when the 
sensing current pulse is additive with respect to the per 
sistent current ?owing through the second conductor 
and remains superconducting when the sensing current 
pulse is subtractive with respect to the persistent current 

- ?owing through the second conductor. 
6. An electrical circuit including the combination of 

a ?rst superconductive conductor, a second superconduc~ 
tive conductor connected in a circuit loop with the ?rst 
superconductive conductor, said conductors being adapted 
to sustain a persistent circulating current around the cir 
cuit loop so long as both of the conductors are super 
conducting, said circuit loop having at least a portion 
exhibiting inductive characteristics, said ?rst and second 
conductors having distinctly different values of critical 
current so that one of the conductors is capable of being 
switched to an electrically resistive condition for values 
of current ?ow for which the other of the conductors re 
mains in a superconductive condition, means for applying 
a current pulse to the circuit loop to initiate a persistent 
circulating current in a selected direction and for apply 
ing a sensing current pulse to the circuit loop which 
renders one of the conductors electrically resistive when 
the sensing current pulse is additive with respect to the 
persistent current ?owing through that conductor, and a 
voltage sensitive output circuit coupled to the circuit loop 
for sensing the appearance of ‘a voltage in the circuit 
loop. 

7. An electrical circuit including the cobination of a 
conductor having zero electrical resistance at a predeter 
mined temperature for electrical current ?ow less than 
a ?rst critical current value, a resistance element con 
nected in .a circuit loop with the ?rst conductor having 
zero electrical resistance at said predetermined tempera 
ture for electrical current ?ow less than a second critical 
current value, said second critical current value being 
‘lower than said ?rst critical current value, said conductor 
and said resistance element having a ?rst mode of opera 
tion in which a persistent current is sustained around 
the circuit loop in a ?rst direction, said conductor and 
said resistance element having a second mode of opera 
tion in which a persistent current is sustained around 
the circuit loop in a second direction, means for applying 
a current pulse to the circuit loop» to initiate a persistent 
current in a selected direction and for applying a sensing 
current pulse to the circuit loop which renders the re 
sistance element eletrically resistive when the sensing cur 
rent pulse is additive with respect to the persistent current 
?owing through the resistance element, and a voltage 
sensitive output circuit coupled to the circuit loop for 
sensing the appearance of a voltage in the circuit loop 
when the resistance element is rendered electrically re 
sistive. 

8. An electrical circuit in accordance with claim 7 in 
which said means for applying a sensing current pulse 
comprises a source of current pulses having a magnitude 
of twice said second critical current value whereby the 
‘resistance element becomes electrically resistive when 
the sensing current pulse is additive with respect to the 
persistent current ?owing through the resistance element 
and remains superconducting when the sensing current 
pulse is subtractive with respect to the persistent current 
?owing through the resistance element. 

9. An electrical circuit including the combination of 
a superconductive inductance constructed of a material 
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having zero electrical resistance at a predetermined tem 
perature for electrical current flow less than a ?rst criti 
cal current value, a superconductive resistance element 
having zero electrical resistance at said predetermined 
temperature for electrical current ?ow less than a second 
critical current value, said second critical current value 
being lower than said ?rst critical current value, said in 
ductance and said resistance element being connected 
in a circuit loop which is capable of sustaining a persistent 
circulating current in a selected direction so long as both 
the inductance and the resistance element are supercon 
ducting, said resistance element being capable of becom 
ing electrically resistive in response to current flow there 
through in excess of the second predetermined critical cur 
rent value while the inductance remains in a supercon 
ductive condition, said resistance element being capable 
of generating a voltage when in an electrically resistive 
condition to reverse the direction of current ?ow around 
the circuit loop, means for applying a current pulse to 
the circuit loop to initiate a persistent current in a se 
lected direction and for applying a sensing current pulse 
to the circuit loop which renders the resistance element 
electrically resistive when the current pulse is additive 
with respect to the persistent current ?owing through 
the resistance element, and a voltage sensitive output 
circuit coupled to the circuit loop for sensing the appear 
ance of a voltage in the circuit loop when the resistance 
element is rendered electrically resistive. 

10. An electrical circuit including the combination of 
a ?rst superconductor having a particular value of criti 
cal current, a second superconductor "having a particular 
value of critical current different from said ?rst super 
conductor, said superconductors being in circuit with 
one another, and means for establishing a persistent cir 
culating current within said circuit, and for detecting 
an output voltage across the circuit for current in one 
of said superconductors in excess of its critical current 
value. 

11. An electrical circuit including the combination of 
a ?rst superconductor having a particular value of critical 
current, a second superconductor connected in parallel 
with said ?rst superconductor and having a particular 
value of critical current different from the particular 
value of critical current of said ?rst superconductor, 
means for establishing a persistent circulating current 
through said superconductors and means for detecting 
an output voltage for current in one of said supercon 
ductors in excess of its value of critical current. 
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